Seismic interferometry is a new field in seismology that is finding many useful applications in exploration geophysics (Rickett and Claerbout, 1999; Schuster, 2001; Yu and Schuster, 2006; Wapenaar et al., 2002; Wapenaar, 2004; Wapenaar et al., 2005; Calvert et al., 2004 and others) Analogous to optical interferometry, seismic interferometry estimates the detailed properties of an elastic medium by analyzing the interference patterns of seismic waves. The interference patterns are constructed by correlation and summation of seismic traces to robustly image the earth's elastic properties. In this paper we discuss some key benefits and liabilities of seismic interferometry applied to both CDP and VSP data. Both synthetic and field data examples are used to illustrate some key benefits: wider subsurface illumination, better spatial resolution, source statics elimination, data interpolation, and redatuming of receivers and/or sources to be closer to the target. The chief drawback of seismic interferometry is the coherent artifacts associated with unphysical events in the correlograms, known as either virtual multiples or crosstalk.
SEISMIC INTERFEROMETRY
To illustrate some key principles of seismic interferometry, consider the inverse vertical seismic profile (VSP) experiment in Figure 1 , where the seismic source is buried at location s and receivers are at positions A and B on the earth's free surface. This source excites an upgoing wave that gets reflected at the earth's free surface to generate a ghost reflection. The resulting traces d(s, A ) andd (s, B) are digitally recorded at the earth's free surface by seismometers at A and B, and the recorded arrivals consist of both direct and ghost reflections. For pedagogical convenience we neglect primary reflections and smaller energy terms that are 2nd-order or higher in the reflection coefficient R: 
Here, geometrical spreading effects are harmlessly ignored, A is the specular bounce point at the free surface for the ghost reflection recorded at A , τ ij is the propagation time along the path ij, R is the reflection coefficient associated with the sediment interface and ω is the angular frequency of the harmonic wave. The Figure 1 . Correlation of a ghost arrival at B (dashedsolid ray) with a direct arrival at A (dashed ray) followed by summation over sources yields the redatumed CDP trace on the right. specular reflection points at the sediment interface are denoted as r and r ; the symbols dA and gA (dB and gB) denote the direct and ghost arrivals recorded at A (B), and W (ω) is the spectrum of the source wavelet that also contains timing and mispositioning errors at the source well location we denote as statics.
The so-called "seismic interferogram" is the temporal correlation of the trace at A with the one at B, or in the frequency domain is the product
where o.t. denotes "other terms". These other terms will be ignored because we are mostly interested in the ghost reflections for imaging; it is hoped that the other terms should mostly cancel upon imaging (i.e., migration) and stacking of many migrated shot gathers. If we were lucky and planted the geophone at the specular bounce point of the ghost reflection (i.e., A = A so that τ sA = τ sA ) then equation 2 reduces to
This is a desirable form for the correlogram because it is proportional to the function that defines a primary reflection for a source at A and a receiver at B. That is, the ghost reflection has been transformed into a primary reflection, with the source redatumed from s to the surface A . VSP data kinematically transformed into CDP data! To rely less on luck, we make up for any planting errors by summing the correlograms in equation 2 over all buried source positions:
which is a special case of equation 1 in Wapenaar et al. (2005) for a wide and dense distribution of sources along the well. At high frequencies and fixed A and B locations, stationary phase theory says that the dominant contribution to this summation will be the source position s * that generates a specular ghost reflection point at our lucky geophone position A = A on the free surface. Thus, equation 4 asymptotically becomes
which has the same kinematics as a primary reflection generated by a source at A and recorded by a receiver at B (see ray diagram on the right of Figure 1 ). Here, C is an asymptotic coefficient, and migrating Φ(A , B) is known as interferometric imaging.
Newtonian vs Galilean Optical
Telescope. An optical analogy that illustrates the benefits of interferometric imaging of ghost arrivals is the Newtonian reflector telescope shown in Figure 2 vs the Galilean refractor telescope in Figure 3 . The optical Newtonian reflector telescope inexpensively increases its imaging area and resolution by enlarging its recording aperture with a large reflecting mirror (see aperture width indicated by double-sided arrow in Figure 2 ). In comparison, the recording aperture of a large Galilean refractor telescope (see Figure 3 ) is the width of the refraction lens, which is expensive to manufacture for large sizes. In fact, the largest optical telescopes in the world today are reflector-type telescopes whose dimensions are virtually impossible to duplicate with a refractor telescope.
Claerboutian vs Standard Seismic Telescope.
Analogously, the Claerboutian seismic telescope (see rightside illustration in Figure 2 ) uses the free surface as a secondary source of reflection energy, and so enlarges its specular illumination area of deep horizontal reflectors to be nearly the entire area beneath the geophones. The earth's free surface acts as a large and "freely" available reflecting mirror, similar to the mirror in the Newtonian telescope. Compare the large specular illumination box in Figure 2 to the smaller one for deep primary specular reflections in Figure 3 . As a geophysical example, Figure 4 illustrates that the shallowest reflector is unilluminated by VSP primary reflections compared to the nearly full-coverage specular illumination of VSP ghost reflections. VSP imaging of ghosts requires fewer downhole geophones compared to imaging with primaries, and so may reduce the costly number of geophones in a VSP experiment. 2  2  2  2  2  2  2   2  2  2   2  2  2  2  2   3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3 Figure 2 . Newtonian optical reflector telescope vs Claerboutian seismic reflector telescope that utilizes ghost reflections from the free surface. In this case the seismic source-receiver geometry is that of an inverse VSP experiment, and the free surface acts as an "inexpensive" reflecting mirror. The specular illumination area (dashed rectangle) for the Claerboutian telescope is nearly the entire subsubsurface beneath the geophones. The effective seismic recording aperture for deep specular reflections is given by the double-sided arrow.
KEY BENEFITS
There are several important benefits of seismic interferometry compared to standard seismic methods. These benefits will be illustrated by examples associated with the ray diagrams in Figure 5 , which succinctly depict the kinematic transformation of events by crosscorrelation+summation of traces. For example, Figure 5a depicts the rays associated with transforming VSP data into pseudo-CDP data by correlation and summation described in equation 4.
• Wider Illumination. For the VSP experiment depicted in Figure 5a , Figure 4 shows that the illumination area of VSP primaries is much less than that of VSP multiples (Jiang et al., 2005) . This wider illumination is dramatically demonstrated in Figures 6-7 , which are interferometric images obtained from marine VSP data (He, 2006) . After correlation and summation of the VSP traces, one VSP receiver gather has been transformed to be many surface CSGs, with nearly the same coverage as a surface CDP experiment. For comparsion, the reflectivity distribution above the Figure 6 VSP geophone is invisible to standard imaging of VSP primaries.
• Better Image Resolution because Sources and/or Receivers are Redatumed to be Closer to the Target Body. Figures 5b shows that the correlation and summation of VSP data redatums the surface sources to the well. This is a desirable transformation because now the source is closer to the target reflector, hence better resolution of its properties might be possible (Calvert et al., 2004; Xiang et al., 2005) . Figure 3 . Same as previous figure except a Galilean refractor optical telescope vs a standard VSP seismic telescope that only utilizes the primary reflections from the source. The specular illumination area for deep reflectors is the small dashed rectangle (compare to the larger rectangular illumination region in Figure 2 ).
VSP Reflection Illumination Areas
VSP Primaries vs VSP Multiples Figure 4 . Specular illumination areas of VSP primaries (gray semi-triangle) versus that of the VSP multiples (gray rectangle). The specular illumination area (i.e., the zone covered by possible specular-like reflection points) of VSP multiples is more than twice that of the VSP primaries for a single shot gather. Figure 8 shows an example of this type of interferometric imaging, where the primary reflections from the salt flank are migrated from correlated VSP data (Hornby et al., 2006) . The velocity model between the well and the surface was not needed here, thereby overcoming image defocusing due to source statics and overburden velocity errors. (He, 2006) ; here, the receiver is the small colored sphere at the bottom of the vertical well. Thousands of sources were distributed along the sea surface.
• Passive Seismic Imaging. The first term of the correlogram φ(A , B, s) in equation 5 is independent of the source phase, the position of the seismic source along sA and, the seismic properties of the uninteresting medium below the reflector denoted by R. This means that the source location, the medium below the reflector and the source's initiation time do not need to be known in order to image the reflector geometry Figure 5b ) in VSP correlograms (adapted from Hornby et al., 2006) . Gray vertical line marks the location of the VSP well, and vertical dotted line corresponds to the portion of the well populated by geophones.
from φ (A , B, s) . Thus, a practical application of seismic interferometry is passive seismic imaging (Rickett and Claerbout, 1999; Draganov et al., 2004) ; where passive seismic data generated by buried sources are redatumed to be surface shot records, and these records are migrated.
• Receiver Statics Elimination. Timing errors (known as statics) due to mispositioning of the buried receiver or incorrect excitation times are not present in φ(A , B, s) because they are canceled in the autocorrelation of W (ω). Thus, receiver-statics corrections are not needed compared to the mandatory statics corrections used for standard VSP data.
• Interpolation of Data. Interferometry can be used to used to fill in missing gaps of data. For example, Figure 5d shows only a source at the far left of the array, but no sources in the middle of the array. A trace from a virtual source in the middle of the gather can be generated by correlating primaries with multiples, to give the trace on the far right illustration in Figure 5d (or Figure 5e ). In this case, the trace with a first-order free surface multiple has been transformed to be a trace with a primary reflection where the virtual source is in the middle of the array. Curry (2006) successfully demonstrated the feasibility of this approach with synthetic CDP data having a large gap of missing traces.
• Super Resolution. As illustrated in Figure 5e , correlation and summation of the traces can transform some "pegleg" energy into primary reflection energy to increase the signal-to-noise ratio of the virtual primary reflections. This can also contribute to a wider diversity of incidence angles leading to super resolution in the reflectivity image.
An example of super resolution is illustrated in Figures 9-10 . Here, the zero-offset traces associated with the SEG/EAGE salt model are migrated to give the Figure 9 image. The top of the salt is poorly defined in this case because the zero-offset reflections have a limited range of incidence angles for any one trace. In comparison, the interferometric image in Figure 10 shows much better resolution because the free-surface related multiples have been transformed into primaries and correctly migrated.
• Bypassing the Overburden with PS Transmission Waves. Figure 11 depicts a VSP shooting geometry and a salt dome model, along with the synthetic elastic traces provided by BP (Xiao et al., 2005) . The traces recorded at the well can be correlated so that PP and PS transmitted arrivals interfere to yield redatumed traces according to Figure 5c . This yields an effective trace with a virtual source relocated to be along the salt flank (see open star on rightmost part of Figure 5c ). The overburden velocity model is not needed for migrating the correlated transmitted arrivals, and the resulting PS image of the salt flank boundary is given in Figure 12 . Here, the salt model for this image is similar to that shown in Figure 5 .
LIABILITIES
A key problem with seismic interferometry is that other events, labeled as other terms in equation 2 and denoted as virtual multiples (also known as cross talk), can be coherently imaged by the migration operator and appear as coherent noise. Some partial remedies are 1). filter out unwanted events prior to crosscorrelation and 2). deconvolution (Calvert et al., 2004; Muijs et al., 2005) . Also, multiples suffer more from geometrical spreading and attenuation losses compared to primary reflections.
FUTURE
What is the future of interferometric imaging? Researchers at BP and Shell are currently improving their images of the subsurface by migrating VSP multiple reflections and multiarrival scattering events. In the case of BP (Hornby et al., 2006) , the reflectors of interest are subsalt and the interferometric illumination area and resolution can be much greater than that obtained by standard VSP migration. Engineering applications are also starting to emerge with, e.g., earthquake VSP data recorded in buildings (Snieder and Safak, 2006) . These and other examples suggest that interferometric imaging will become one of the most significant processing tools for VSP data.
Applying interferometric methods to surface CDP data is still an ongoing and dynamic research enterprise. Artman at Stanford University is migrating passive seismic data from an OBS experiment in the North Sea, while earthquake seismologists are using surface wave interferometry to reveal the subsurface S-velocity distribution from recorded earthquakes. Interpolation of surface seismic data by interferometry is showing early promise by Curry (2006) and others (Berkhout and Verschuur, 2006 ). Wapenaar and his students are establishing a strong theoretical basis for seismic interferometry (e.g., Draganov et al., 2004) . Western-Geco researchers (Muijs et al., 2005) show field-data examples where migration of free-surface related multiples more clearly reveal the subsurface reflectivity distribution.
The last six years of interferometric research suggests that seismic interferometry is one of the most exciting developments in seismology. It is safe to predict that in the coming years there will be many new and important developments in this area.
